We propose a novel metal slit array Fresnel lens for wavelengthscale optical coupling into a nanophotonic waveguide. Using the plasmonic waveguide structure in Fresnel lens form, a much wider beam acceptance angle and wavelength-scale working distance of the lens was realized compared to a conventional dielectric Fresnel lens. By applying the plasmon waveguide dispersion relation to a phased antenna array model, we also develop and analyze design rules and parameters for the suggested metal slit Fresnel lens. Numerical assessment of the suggested structure shows excellent coupling efficiency (up to 59%) of the 10 µm free-space Gaussian beam to the 0.36 µm Si waveguide within a working distance of a few µm. 
Introduction
There has been unprecedented progress in the field of nanophotonics over the last decade. By using photonic crystals and plasmonics, or by employing silicon photonics, much progress has been made for nanophotonic functional devices to be used in future photonic circuits and photonic signal processing. The motivation behind nanophotonics is twofold: to overcome the bottleneck encountered in ultra-high speed integrated electronic circuits, and at the same time to reduce the footprint of today's conventional photonic devices. Achievements have been realized for nanophotonic devices in terms of operational speed [1] , functionality [2] , and decreased size [3] . However, the problem of coupling these nanophotonic structures to the external world (e.g., fiber, conventional dielectric waveguides, or free-space) has received less attention than the nanophotonic devices themselves. Summarizing the current efforts, the nanophotonic coupling structures, in terms of their operating principles, can be classified as follows: a) adiabatic, such as taper, inverse taper, and graded index taper [4] ; b) evanescent; c) ray optics using a microlens or mirror; and d) combinations of these.
Still, with their inherent limitations, the reported coupling length based on adiabatic or evanescent methods usually must remain in the tens-of-micrometers regime. For example, tapering (or inverse tapering) structures of waveguide couplers [4] often extends to almost the millimeter scale. For adiabatic couplers, the taper length should be much larger than the beat length between the fundamental mode and dominant coupling mode [5] . For an evanescent coupler, the interaction length needs to be large enough to guarantee efficient power transfer [5] . At last, focal length of micrometers scale could be realized utilizing ray optic approaches, but including the thickness of the microlens, the coupling length of the ray optic coupler device must remain in the regime of tens-of-micrometers [6, 7] .
Whereas the footprints of those to-be-coupled nanophotonic devices can be realized within tens of micrometers in size, the feature size of waveguide couplers thus extends to almost the millimeter scale at current situation. Considering the recent advent of plasmonics, the realization of a wavelength scale coupler should be feasible if we consider the well-accepted idea of an optical antenna.
In this paper we investigate the feasibility of using a plasmonic Fresnel lens instead of a conventional microlens for the reduction of the lens footprint in the ray-optic platform. Identifying the difficulties associated with dielectric Fresnel lens coupling in extremely high numerical aperture (NA) applications, we propose a nanophotonic metallic Fresnel lens, based on metallic plasmon slit [8] [9] [10] [11] [12] [13] (or array [14] [15] [16] [17] [18] [19] ) structures. We show that it is possible to overcome the limitation of the dielectric Fresnel lens (with respect to the acceptance angle as dictated by Snell's law) utilizing plasmon propagation inside the metal slits, instead of light propagation in the dielectric lens. Based on phase antenna array formalism, design principles for the metallic Fresnel lens will be derived, and performance comparisons will be made against dielectric Fresnel lens using finite difference time domain (FDTD) numerical analysis.
Theory
For the current study, we restrict our application examples to two-dimensional (or slab) structures. Setting the target focal length of the device to 1.5 µm (the same as the wavelength used in the study, 1550nm), we consider the case of direct beam coupling from the free space (a spot size of 10 µm) into the 0.36 µm-wide silicon waveguide. First, to study the performance of the dielectric Fresnel lens, the detail of the structure shown in Fig. 1 (a) was determined following the approach explained in [20] . A solid immersion lens with silicon was assumed to minimize the beam width entering the coupling waveguide.
With the extreme mismatch in the dimensions of the incident beam width and the coupling waveguide (10 µm to 0.36 µm), combined with the severe constraint for a focal length as short as 1.5 µm, the light entering from the off-center part of the lens (higher-order Fresnel zone) resulted in total internal reflection at the silicon-air boundaries (solid blue line in the figure) of the dielectric Fresnel lens (Fig. 1a) . This reflection phenomenon for the dielectric Fresnel lens in wavelength scale coupling causes a significant loss in the coupling efficiency, as confirmed by the FDTD analysis. As can be observed, Fig. 3(a) shows the diverging refracted beam at the exit of the lens. This observed problem of the reflection of light entering the dielectric Fresnel lens can be mitigated using our proposed structure as shown in Fig. 1(b) . By exciting plasmons at the lens entrance, then guiding waves with the metal-insulator-metal (MIM) waveguides, and finally regenerating point sources at the exit of the MIM waveguides, now one simply need consider the propagation delay between the source and focal point without any reflection from the dielectric / free space interface of the Fresnel lens.
For the determination of the metallic Fresnel lens structure, we utilize the theory of the phased array antenna [21] , which has been implemented for photonic devices of various functionalities [14] [15] [16] [17] [18] [19] . Figure 2 shows the zoomed-in view of the metallic Fresnel lens with related design parameters. Worth to note, for the 0th-order Fresnel lens, we assume a dielectric lens, to minimize the metallic loss. Assuming a plane wave of incidence, the accumulated phase shift of the beam at the entrance to the coupling waveguide can be easily calculated. The phase matching condition at the coupling waveguide then becomes 
where l f , l 0 , l s , and l p are the focal length from the emitting surface of the lens, the thickness of the 0th-order Fresnel silicon lens at the center, the thickness of the 0th-order Fresnel silicon lens at r = d s , and the length of the MIM plasmonic waveguide, respectively. 
where k 0 is the wave vector in free space; ε d and ε m are the relative permittivities for the insulator and metal respectively; and w d is the width of the insulator between metal layers. In our design, gold (ε m = −140 + 10i at 1550 nm [22] ) and silicon (ε m = 3. 5 2 ) have been assumed as the metal and dielectric. Solving Eqs. (1) and (2) simultaneously with preset fixed values of l 0 , w d , and w m , we then calculate l s and l p to finalize the metallic Fresnel lens design. 
Results
Setting the dimensions of the MIM waveguide to w d = 100 nm, w m = 50 nm, then β 3 , l 0 = 475 nm (set by max[l p ] = 2π/(β 3 -β 1 )), l s and l p of the Fresnel lens were calculated to give the minimum (limited by the numerical aperture of silicon) focal length l f of 1.5 µm at λ = 1.55 µm. To verify the operation of the lens, a 2-D FDTD calculation was carried out for the proposed coupling structure. A Gaussian input beam with a 10 µm spot size was applied from free space into the metallic Fresnel lens, and then into the 0.36 µm silicon single mode waveguide. The coupling efficiency of the lens was calculated by measuring the flux integrated over the cross section region of 0.36 µm waveguide (at the far end of the coupler) divided by the incident plane wave power at the entrance of the metallic Fresnel lens. Figure 3 shows the FDTD calculation results of the designed coupling structures for (a) the silicon Fresnel lens, and (b) the metal slit array Fresnel lens. The working distance (thickness of the lens plus focal length) and coupling efficiency of each lens were 4 µm and 23% for the silicon Fresnel lens, and 2 µm and 45% for the metallic Fresnel lens, respectively. As can be seen from the figures, diverging beams from the silicon Fresnel lens are evident; which cause lower coupling efficiency for the silicon Fresnel lens. ) show the propagation of the wave in the MIM waveguide at w d = 10 nm and 50 nm, respectively. As expected based on Eq. (2), significant waveguide attenuation was observed for the MIM waveguide with w d < 20 nm, where the imaginary part of the propagation constant β 3 became too large for the given length of the waveguide. Using a fixed loss-minimized MIM width w d , and also by using Fresnel phase rotation for much shorter waveguide length, our implementation provides much higher coupling throughput efficiency (45%) than what is reported in [14] (Fig. 3(c) . 33%). Figure 4 (c) also shows the interference between the MIM waveguides when the width of the metal barrier w m became too small (less than the skin depth of gold ~25 nm, at 1550 nm [23] ). (Fig. 5(a) ) and l f = 4 µm (Fig. 5 (a) ), were tested to also investigate the performance and design parameters of the metallic Fresnel lens at different focal lengths. For the case of l f = 1.5 µm, approximately 45% coupling efficiency (far better than that of the silicon Fresnel lens, 23%), and shorter working distance of 2 µm was obtained with w d = 50 ~100 nm. For l f = 4 µm, as much as 59% coupling efficiency (significantly improved compared to that of the silicon Fresnel lens, 27%) was achieved with w d = 100 ~150 nm. Worth to note, as observed in the figures, there existed relatively weaker dependencies on the thickness of the metal barrier w m ; meanwhile, the optimum range of w d was shifted for different focal lengths l f of the lens. The relatively flat coupling efficiency around the optimum metal slit parameters will be beneficial in accommodating tolerances during hardware fabrication -such as employing metal stamping approach [24] . 
Conclusion
We investigated the feasibility of using Fresnel lens structures for nanophotonic coupling. Identifying the reflection problem associated with dielectric Fresnel lenses in wavelength scale coupler structures, we proposed a Fresnel lens with metal slit array to use plasmon propagation in the lens, to achieve significant enhancement in coupling efficiency as well a shorter, wavelength scale coupling length. Calculating phase evolution of plasmon in a MIM waveguide and then utilizing a phase array antenna formulation, we also derived the design principles for such a metallic Fresnel lens, and verified its operation with FDTD numerical analysis. Two sets of metallic Fresnel lens having different focal lengths were investigated in order to gain insight into their behavior, and to find the optimum design parameters for each lens. A direct coupling with excellent efficiency and order of wavelength coupling length, between beam sizes of vastly different dimensions (10µm and 0.36µm) was achieved. We expect our results to be useful in future integrated nanophotonic circuit applications.
